Abstract Organophosphorus (OP) pesticides are a broad class of acetylcholinesterase inhibitors that are responsible for tremendous morbidity and mortality worldwide, contributing to an estimated 300,000 deaths annually. Current pharmacotherapy for acute OP poisoning includes the use of atropine, an oxime, and benzodiazepines. However, even with such therapy, the mortality from these agents is as high as 40%. It is increasingly recognized that not all OPs are the same. Significant differences exist in their toxicity, lipophilicity, and response to oxime therapy. Other nonmuscarinic effects of OP pesticides exist, such as acute and chronic neuromuscular junction failure and central respiratory failure. In part because most of the mortality from these chemicals takes place in the developing world, little National Institutes of Health (NIH) research has been directed towards these agents. However, the similar mechanism of action of OP pesticides and the military nerve agents, along with increasing concerns about chemical terrorism has lead to the formation of the NIH Countermeasures Against Chemical Threats (CounterACT) Program. As part of the CounterACT Program, the NIH has recently designated six OP pesticides as "threat agents". This concept paper describes some of the knowledge gaps related to non-muscarinic effects of OP pesticides and highlights needed areas of further research. Leveraging the current NIH interest in these chemicals to medical necessities in the developing world offers the possibility of delivering new therapeutics where they are needed on a daily basis.
Introduction
Acute OP poisoning causes tremendous morbidity and mortality worldwide, and these toxins represent a class of terrorist "threat agents" against civilian populations. In part because of the similar mechanism of action to military nerve agents, most research into acute OP poisoning has focused on the muscarinic and CNS seizure effects of acetylcholinesterase (AChE) inhibition. Despite such ongoing research for more than 40 years, the mortality of acute OP poisoning continues to be as high as 40% [1] [2] [3] , with no new therapies introduced in 30 years.
The acute toxicity of OPs is primarily due to inhibition of acetylcholinesterase [4, 5] , leading to excess acetylcholine at synapses with the resultant cholinergic toxicity and muscle weakness. Current therapy for OP poisoning requires resuscitation with the use of oxygen and atropine, followed by administration of an oxime (such as pralidoxime (2-PAM)) to reactivate AChE, plus benzodiazepines to mitigate neurological impairment [6] [7] [8] [9] [10] . However, 2-PAM has a limited window of effectiveness and cannot regenerate functional AChE once the alkyl chains of the OP are removed by aging. Furthermore, a recent randomized controlled trial of 2-PAM showed a trend toward harm with 2-PAM when compared to saline placebo [11] . Efficacy of current antidotes is therefore severely limited and new approaches to treatment for OP poisoning, such as pharmacologically targeting the NMJ, could lead to improved outcomes.
OP poisoning leads to three main effects, each with a different time of onset: (1) an acute cholinergic crisis, (2) OP-induced delayed neuropathy (OPIDN), and (3) intermediate syndrome (IMS). The acute cholinergic syndrome gives rise to muscarinic, nicotinic, and central effects, due to an accumulation of ACh. OPIDN is a rare polyneuropathy that begins roughly 1-3 weeks after an exposure. IMS, however, is a common complication that remains a major contributor to the high morbidity and mortality in OP poisoning [12] . IMS was first described as paralysis occurring 1-4 days after resolution of the acute cholinergic syndrome [13] . Recent work suggests that IMS occurs much sooner [14] [15] [16] . Severe cases of IMS are associated with respiratory muscle weakness that requires prolonged mechanical ventilation.
The pathophysiology of IMS is not clearly understood [15, [17] [18] [19] [20] [21] [22] [23] [24] but is generally believed to result from a persistent excess of ACh at the NMJ [15, 16, 20, 22, 23, [25] [26] [27] . Recognition of the IMS, first described over 20 years ago, [28] has not led to a proliferation of inquiry as to the NMJ or nicotinic effects of OP pesticides. In fact, not until 2008 was a prospective trial of IMS occurrence and detection in humans published [29] [30] [31] . The occurrence and cause of NMJ failure after OP pesticide poisoning remains underappreciated and understudied. Therefore, interventions targeting the NMJ could yield tremendous dividends in mitigating the morbidity and mortality from OP poisoning.
Future studies directed towards understanding which of the adverse effects of OP pesticides are due entirely to AChE inhibition (including both muscarinic and nicotinic effects) and which are other direct effects of the pesticide are needed. For example, at very high concentrations, dimethoate causes death via cardiovascular collapse about 10 to 20 h after ingestion despite maximal medical therapy that leads to death at a mean of 24 h after poisoning [3] .
All OP Pesticides Are Not the Same
While OP pesticides all inhibit AChE, this diverse group of toxins often has unique characteristics in acute poisonings due to their individual chemical properties ( Table 1 ). The NIH's CounterACT Program has identified six OP pesticides that they consider high priority threat agents of opportunity, and the chemical structures are shown in Fig. 1 . Thus, the clinical scenario and cause of death vary according to the OP pesticide [32] . For instance, death due to dichlorvos poisoning occurs very rapidly, often before reaching medical care, while dimethoate toxicity takes several hours to develop. Regardless of the pesticide, the consequences of progressive muscle and respiratory weakness often dominate the early clinical picture.
Another underappreciated consequence of the unique poisoning characteristics of OP pesticides is the variable response of pesticides to treatment with 2-PAM. Although 2-PAM is routinely used in most of the world (including the USA), what has recently become clear is that some pesticides (such as dimethoate) do not respond to 2-PAM therapy and a "one-size fits all" approach to 2-PAM therapy may not be warranted. Therefore, new methods of treatment that are independent of 2-PAM's mechanism of action are needed urgently.
Respiratory Complications After OP Poisoning
Approximately 24% of OP poisoned patients require intubation. Of these, more than 50% die [33] . Most of these deaths result from acute respiratory failure, due to either central respiratory depression [8] , respiratory muscle weakness, or direct pulmonary effects such as bronchospasm or bronchorrhea. Few studies exist, but recent laboratory evidence from isolated mouse diaphragms suggests that increased recovery of AChE activity leads to increased force of muscle contraction [33] . Thus, therapies directed towards improving neuromuscular transmission and/or improving recovery of AChE could prove beneficial.
Acute Physiological and Neuromuscular Junction Effects of OPs Are Not Well Understood
The neuromuscular junction consists of a presynaptic axon terminal and a postsynaptic muscle end plate. Within the presynaptic terminal are vesicles containing acetylcholine. Most of these vesicles are bound to the actin cytoskeleton by proteins called synapsins. When an action potential induces opening of calcium channels, increased intracellular calcium levels promote phosphorylation of synapsins. This phosphorylation results in release of the vesicles from their cytoskeletal sites [34] .
After release from the cytoskeleton, vesicles become bound at the presynaptic membrane terminal in areas called active zones. This "docking" allows rapid exocytosis of the vesicles. Docking is mediated by proteins termed SNARES (soluble N-ethylmaleimide-sensitive-fusion-attachment protein receptors). SNARES attached to the terminal membrane form complexes with proteins located on the vesicle [35] . Proteins involved in SNARE complexes include vesicle-associated membrane protein, which is found on the vesicle surface, along with SNAP-25 (synaptosomalassociated protein) and syntaxin, proteins found at the terminal membrane [36] . Phosphorylation of docking proteins occurs in response to increased calcium levels. This induces SNARE complex formation, followed by exocytosis of the vesicle contents. The vesicle membrane becomes added to the terminal membrane. Vesicles are recycled when pits form in the terminal membrane and become coated with a protein called clathrin. These clathrin-coated pits then pinch off to form vesicles. Acetylcholine is then synthesized and repackaged into these vesicles. [37] The postsynaptic membrane is heavily folded and invaginated. Acetylcholine receptors are found at the crests of the junctional folds, and voltage-sensitive Na + channels are concentrated within the folds. The acetylcholine receptors have an ideal binding constant to allow reversible binding of acetylcholine. When bound, ion channels within the receptor are opened with an influx of Na + , and there is a transient depolarization of the end-plate region. If this endplate potential is large enough, a muscle fiber action potential is generated, which leads to muscle contraction. Acetylcholine remaining in the synapse is rapidly degraded AChE, and the muscle is allowed to repolarize.
Poisoning with OP pesticides causes numerous changes in the NMJ and myocytes, both due to (and independent of) AChE inhibition [19, [38] [39] [40] . There is currently a dearth of knowledge regarding the causes and mechanisms of NMJ failure during acute OP poisoning. Some authors have postulated that the NMJ failure is caused by overstimulation of acetylcholine receptors (AChR) due to the attendant high synaptic concentration of ACh [41] or by direct neurotoxicity [42] . The molecular mechanism of this is unknown, but may involve the desensitization of AChR [22] . It is also possible that the NMJ failure involves presynaptic dysfunction and vesicle depletion [43] or disruption of synaptic structure, such as nerve terminal retraction could also occur [44] . 
Nicotinic Receptor Antagonists
Nicotinic acetylcholine receptors (nAChR) can be broadly grouped into two classes-neuromuscular and neuronal.
Neuronal nAChR are present in the brain, sympathetic and parasympathetic ganglia, and the adrenal medulla. The role of these receptors in the pathophysiology of acute OP poisoning is limited, and the prospects of pharmacologic ganglionic antagonism for OP poisoning treatment are guarded, mostly due to the significant hypotension caused by these medications [45] . Neuromuscular nAChR, however, are an attractive therapeutic target. Because acute OP pesticide poisoning leads to fasciculations and progressive weakness with overstimulation of these receptors, competitive antagonists of neuromuscular nAChR is a logical approach to mitigating the pesticide effects. Pharmacologic protection of the NMJ with nicotinic ACh receptor antagonists has only recently been theorized [45, 46] .
Breningstall et al. published a fascinating case report of congenital NMJ end-plate AChE deficiency treated with intermittent intramuscular pancuronium [47] . While detailed neurophysiologic studies were not performed, they demonstrated improved tidal volumes and forced vital capacity after pancuronium therapy, which persisted for months. Besser et al. have published three studies investigating the ability of pancuronium to effect improvement in compound muscle action potentials (CMAP) after OP poisoning. In one study, two patients with acute severe organophosphate intoxication showed single evoked CMAP with repetitive discharges and prominent decremental responses of CMAP supramaximal nerve stimulation. Following the injection of a small dose of pancuronium, improvement in these abnormalities occurred and persisted for several hours [48] . Unfortunately, all of these patients were given pancuronium several days after OP poisoning (except for one patient that received pancuronium within 5 h of poisoning).
The above findings support the proposition that nAChR antagonists could improve muscle strength after acute OP poisoning. Controlled animal studies examining functional neuromuscular response and NMJ architecture changes with and without nAChR therapy are needed to determine if this class of agents could serve as potential therapy for acute OP poisoning.
Conclusions
There are significant non-muscarinic effects of acute OP poisoning, including nicotinic stimulation, NMJ dysfunction, and neural toxicity. These other effects, particularly the NMJ, represent a robust therapeutic target to mitigating the morbidity and mortality of acute OP poisoning.
Research focused on decreasing NMJ dysfunction and respiratory failure are urgently needed.
